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INORGANIC NANOPARTICLES
COMPOSITIONS IN COMBINATION WITH

IONIZING RADIATIONS FOR TREATING
CANCER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the continuation of U.S. application
Ser. No. 14/762,971, filed Jul. 23, 2015, now U.S. Pat. No.
10,098,952, which 1s the national stage of International
Patent Application No. PCT/EP2014/051367, filed Jan. 24,
2014, which claims the benefit of U.S. Provisional Patent
Application No. 61/756,333, filed Jan. 25, 2013.

The present application relates to activable inorganic
nanoparticles which can be used 1n the health sector, in
particular 1n human health, to disturb, alter or destroy target
cancerous cells, tissues or organs. It more particularly relates
to nanoparticles which can generate a surprisingly eflicient
therapeutic effect when concentrated inside the tumor and
exposed to 1onizing radiations. The ivention also relates to
pharmaceutical compositions comprising a population of
nanoparticles as defined previously, as well as to their uses.

BACKGROUND

Cancer 1s a leading cause of death worldwide, accounting,
for 7.6 million deaths (around 13% of all deaths) in 2008
(World Health Organization). Cancer 1s a generic term for a
large group of diseases that can aflect any part of the body.
Other terms used are malignant tumors and neoplasms.
Cancer 1s the uncontrolled growth and spread of abnormal
cells. The growths often invade surrounding tissue and can
metastasize to distant sites. Metastases are the major cause
of death from cancer. Deaths from cancer worldwide are
projected to continue rising, with an estimated 13.1 million
deaths 1n 2030.

Cancer treatment requires a careful selection of one or
more iterventions, such as surgery, radiotherapy and/or
chemotherapy. The goal 1s to cure the disease or consider-
ably prolong life while improving the patient’s quality of
life.

Radiations of various forms such as X-Rays, gamma-
Rays, UV-Rays, laser light, microwaves, and electron beams
as well as particle beams of, for example neutrons, carbon
ions and protons, have been used to treat malignant diseases.
Some of said radiations have been used 1n such applications,
in combination with radiosensitizers. Flectromagnetic and
ionizing radiations are indeed capable to break the DNA
molecule of the cell, thereby preventing said cell from
growing and dividing. This effect can be explained by the
action of particles or wave which will create 1onization that
releases electrons and 1free radicals travelling within a
defined volume and generating energy deposit into this
volume.

U.S. Pat. No. 7,367,934 B2 relates to a method {for
enhancing the eflects of radiations directed to a tissue or a
population of cells 1n an amimal. This method comprises a
step ol administering an amount of metal nanoparticles to
said amimal to achieve a concentration in said tissue or said
population of cells of the amimal of at least about 0.1% metal
by weight; and then a step of wrradiating the animal with
radiation directed to said tissue or said population of cells,
wherein said radiation 1s in the form of X-rays of about 1

keV to about 25,000 keV.
WO 2011/127061 Al relates to a method for enhancing
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2

cells comprising the steps of: (1) administering to an animal
an amount of high-Z particles, the high-Z particles compris-

ing a targeting molecule with an athinity for a targeted tissue
or a targeted population of cells and a high-Z element; and
(2) subsequently irradiating the targeted tissue or targeted
population of cells with 1onizing radiations; wherein the
high-Z particles are administered to the animal 1n an amount
suilicient to achieve a concentration in the targeted tissue or
targeted population of cells of less than 0.05% metal by
weight.

Inventors herein provide a new and powertful strategy to
use their nanoparticles (herein below described) which are
able to achieve a very eflicient alteration or destruction of
target cancerous cells in combination with 1omzing radia-
tions, when said nanoparticles are adequately selected and
concentrated inside the targeted cancer site, as herein dem-
onstrated.

SUMMARY OF THE INVENTION

Inventors now provide an advantageous composition
comprising morganic particles for use for treating cancer, 1n
particular a composition allowing the destruction of more
than about 30%, preferably more than about 44% or more
than about 47%, even more preferably more than about 70%,
of cancer cells 1n a tumor volume of a subject (histological
response assessment) or inducing at least more than 20% of
tumor size reduction (anatomical response assessment) 1n a
subject or inducing at least more than 20% of tumor "°F-
FDG SUV (Standardized Uptake Value) decline (metabolic
response assessment) 1n a subject, when the tumor of said
subject 1s exposed to 1onmizing radiations.

Once administered, the volume (Vc¢) of the composition
of the 1invention occupies between 2 and 50% of the tumor
volume (Vt). Each morganic nanoparticle of the composi-
tion has a volume (Vin) having an electron density at least
5> times the electron density of the corresponding volume 1
(Vwl) of water.

In a particular embodiment, a method for inducing 1n a
subject suflering from a cancer (1) the destruction of more
than 30% of cancer cells 1n a tumor volume or (1) at least
more than 20% of tumor size reduction 1s herein described.
This method comprises:

administering to a subject suflering from a cancer a

composition comprising 1norganic nanoparticles, each
of said morganic nanoparticles having a volume (Vin)
having an electron density at least 5 times the electron
density of the corresponding volume 1 (Vw1) of water,
and

exposing the tumor (targeted tissue or targeted population

of cells) of the subject to 1onizing radiations,

thereby inducing (1) the destruction of more than 30% of
cancer cells 1n a tumor volume or (11) at least more than 20%
of tumor size reduction when the volume (Vc) of said
composition occupies between 2 and 50% of the tumor
volume (V1).

The present document turther describes the use of 1nor-
ganic nanoparticles to prepare a composition for inducing, 1n
a subject sullering from a cancer (1) the destruction (patho-
logical response) of more than about 30%, preferably more
than about 44% or 47%, even more preferably more than
about 70%, of cancer cells 1n a tumor volume or (11) at least
more than 20% of tumor size reduction (tumor shrinkage),
when the volume (Vc) of said composition occupies
between 2 and 50% of the tumor volume (Vt) and when the
tumor 1s exposed to 1onizing radiations, wherein each 1nor-
ganic nanoparticle has a volume (Vin) having an electron
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density at least 5 times the electron density of the corre-
sponding volume 1 (Vwl) of water.

In a preferred embodiment, said volume composition (V¢)
has an electron density of at least 3% of the electron density
of the corresponding volume 2 (Vw2) of water, and even
more preferably said inorganic nanoparticles provide more
than 3x10°* electrons, preferably more than 7x10%* elec-
trons, to the tumor mass.

In a further preferred embodiment, these morganic nan-
oparticles provide more than 3x10°* electrons, preferably
more than 7x10°* electrons, to the tumor mass. In another
preferred embodiment, the volume composition (Vc¢) (ad-
vantageously further) has an electron density of at least 3%
of the electron density of the corresponding volume 2 (Vw2)
of water (FIG. 1).

Results presented for the first time in the context of the
present invention now demonstrate that a composition com-
prising high electron density morganic nanoparticles occu-
pying between 2 and 50% of the tumor volume 1s able to
induce at least more than about 30%, preferably more than
about 44% or 47%, even more preferably more than about
70% of cancer cell killing when the morganic nanoparticles
provide at least, preferably more than, 3x10°* electrons, for
example more than about 3.2x10°* electrons, preferably
more than 7x10°* electrons, to the tumor mass. Each nan-
oparticle of the composition advantageously has an electron
density at least 5 times the electron density of the same
nanoparticle composed of water molecules.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Inorganic Nanoparticle
S1ze

In the spirit of the ivention, the term “nanoparticle”
refers to a product, 1 particular a synthetic product, with a
s1ze 1n the nanometer range, typically between 1 nm and 500
nm.

The term “crystallite” herein refers to a crystalline prod-
uct. The size of the crystallite and 1its structure and compo-
sition may be analyzed from X-ray diflractogram.

The term *“aggregate of crystallites” refers to an assem-
blage of crystallites strongly, typically covalently, bound to
cach other.

The nanoparticle of the invention 1s typically a crystallite
and/or an aggregate of crystallites.

The terms “size of the nanoparticle” and “largest size of
the nanoparticle” herein refer to the “largest dimension of
the nanoparticle” or “diameter of the nanoparticle”. Trans-
mission Electron Microscopy (TEM) can be used to measure
the size of the nanoparticle. As well, Dynamic Light Scat-
tering (DLS) can be used to measure the hydrodynamic
diameter of nanoparticles 1n solution. These two methods
may further be used one after the other to compare size
measurements and confirm said size. A preferred method 1s
DLS (Ref. International Standard 1SO22412 Particle Size
Analysis—Dynamic Light Scattering, International Organi-
sation for Standardisation (ISO) 2008).

The largest dimension of a nanoparticle as herein defined
1s typically between about 5 nm and about 250 nm, prefer-
ably between about 10 nm and about 100 nm or about 200
nm, even more preferably between about 20 nm and about
150 nm.

Shape

As the shape of the particle can influence 1ts “biocom-
patibility”, particle having a quite homogeneous shape 1s
preferred. For pharmacokinetic reasons, nanoparticles being,
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4

essentially spherical, round or ovoid in shape are thus
preferred. Such a shape also favors the nanoparticle inter-
action with or uptake by cells. Spherical or round shape 1s
particularly preferred.

Typically, the largest dimension 1s the diameter of a
nanoparticle of round or spherical shape, or the longest
length of a nanoparticle of ovoid or oval shape.
Composition/Structure

The 1norganic material of the nanoparticle present in the
composition preferably has a theoretical (bulk) density of at
least 7 and may be selected from any material exhibiting this
property and 1dentified 1n the table from Physical Constants
of Inorganic Compounds appearing on pages 4-43 1n Hand-
book of Chemistry and Physics (David R. Lide, Editor-In-
Chief, 88" Edition, 2007-2008).

The 1norganic material constituting the nanoparticle 1s
preferably a material having an eflective atomic number
(Z,4) of at least 25, preterably at least 40 or 41, more

preferably at least 50 or 51, more preferably at least 60, 61,
62 or even 63.

Effective atomic number 1s a term that 1s similar to atomic
number but 1s used for compounds (e.g. water) and mixtures
of diflerent materials (such as tissue and bone) rather than
for atoms. Effective atomic number calculates the average
atomic number for a compound or mixture of materials. It 1s
abbreviated Z

The effective atomic number 1s calculated by taking the
fractional proportion of each atom i1n the compound and
multiplying that by the atomic number of the atom. The
tormula for the eflective atomic number, Z_ 1s as follows:

Zop = 2N X (TR + fo X (Z)2% 4 f % (Z 2% + ..

where

t 1s the fraction of the total number of electrons associ-
ated with each element, and

7. 1s the atomic number of each element.

The atomic number (also known as the proton number) 1s
the number of protons found 1n the nucleus of an atom. It 1s
traditionally represented by the symbol Z. The atomic num-
ber uniquely identifies a chemical element. In an atom of
neutral charge, atomic number 1s equal to the number of
clectrons.

An example 1s that of water (H,O) which 1s made up of
two hydrogen atoms (Z=1) and one oxygen atom (Z=8). The
total number of electrons 1s 1+1+8=10. The fraction of
clectrons corresponding to the two hydrogens 1s 2/10 and the

fraction of electrons corresponding to the unique oxygen 1s
(8/10). Z 4 of water 1s theretfore:

Zyy = NO2x 1297 4 0.8 % 8299 = 7.4

/. participates 1n the incoming radiation’s absorption
capacity of nanoparticles.

The 1norganic material constituting the nanoparticle 1s
typically selected from an oxide, a metal, a sulfide and any
mixture thereof.

When the morganic material constituting the nanoparticle
1s an oxide, this oxide 1s advantageously selected from
Cerium (IV) oxade (CeQ,), Neodynium (I1I) oxide (Nd,O,),
Samarium (III) oxide (Sm,O;), Furopium (III) oxide
(Eu,0;), Gadolinium (III) oxide (Gd,O;), Terbium (11I)
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oxide (Tb,0O;), Dysprosium (I1II) oxide (Dy,0O,), Holmium
oxide (HO,O,), Erbium oxide (Er,0,), Thulium (III) oxide
(Tm,O,), Ytterbium oxide (Yb,0O;), Lutetium oxide
(Lu,0O;), Hatnium (IV) oxide (H1O,), Tantalum (V) oxide
(Ta,0O;), Rhenium (IV) oxide (ReO,), and Bismuth (III)
(B1,0,). In the context of the present invention, a mixture of
inorganic oxides can also be used to prepare the nanoparticle
of the invention.

When the mnorganic material constituting the nanoparticle
1s a metal, this metal 1s advantageously selected from gold
(Au), silver (Ag), platinum (Pt), palladium (Pd), tin (Sn),
tantalum (Ta), ytterbium (Yb), zircomum (Zr), hatnium
(Hi), terbium (Tb), thulium (Tm), certum (Ce), dysprosium
(Dy), erbium (Er), europium (Eu), holmium (Ho), 1ron (Fe),
lanthanum (La), neodymium (Nd), praseodymium (Pr), lute-
tium (Lu) and mixtures thereof. In the context of the present
ivention, mixture of metals 1s also possible. In the context
of the present mnvention, a mixture of an inorganic oxide and
of a metal can also be used to prepare the nanoparticle of the
invention.

When the mnorganic material constituting the nanoparticle
1s a sulfide, this sulfide 1s preferably silver sulfide (Ag,S).
Electron Density

The electron density of the material constituting the
nanoparticle (crystallites or aggregates of crystallites) 1s the
number of electrons per volume of material expressed in
electrons/cm” (e~ /cm’).

The electron density 1s calculated using the following
equation:

d

pe—maf&*r‘fﬂf R mareriafxe mcaierial

wherein:

1. P, ..., corresponds e- to the electron density of the
material constituting the nanoparticle, expressed as the num-
ber of electrons per cm” (e™/cm®);

11.d_ . . corresponds to the theoretical (bulk) density of
the material constituting the nanoparticle (see table from
Physical Constants of Inorganic Compounds, pages 4-43, 1n
Handbook of Chemistry and Physics, David R. Lide, Editor-
In-Chief, 88” Edition, 2007-2008) and is expressed in
g/cm”; and

u. e~ . . corresponds to the number of electrons per
gram ol matenial constituting the nanoparticle (see for
example Table 5.1, page 63, in The Physics of Radiation
Therapy, Fourth Edition, Faiz M. Khan, 2010) and 1s
expressed 1n electrons/g (e7/g).

When the inorganic material constituting the nanoparticle
1s a metal, the number of electrons per gram of any metallic
clement may be calculated using the following formula:

Ny=NxZ/A

Ny=number of electrons per gram of the element
N=Avogadro’s number
/=atomic number of the element
A=atomic weight of the element.
For example:
for gold element, the number of electrons per gram 1s
N,=6.022x107°x79/196.96=2.41x10>"

for lead element, the number of electrons per gram 1s
N,=6.022x107°x82/207.2=2.38x10°°

for 1iron element, the number of electrons per gram 1s
N,=6.022x10°°x26/55.845=-2.80x10".

For example, for a spherical gold nanoparticle (GNP)
with a diameter equal to 100 nm, the electron density of the
nanoparticles 1s 13.9 times the electron density of the
corresponding volume of water (1.e. a sphere of diameter
equal to 100 nm filled with water molecules).
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19.3%2.41 x 10%°
1.0x3.34% 102

danp X ecnp

Le—GNP — 13.0

Le—water Ayater X € vater

For example, for a spherical iron nanoparticle with a
diameter equal to 100 nm, the electron density of the
nanoparticles 1s 6.6 times the electron density of the corre-
sponding volume of water (i.e. a sphere of diameter equal to
100 nm filled with water molecules).

7.87%2.80x 10%
1.0%3.34% 107

dironNP X €jponNp

Le—ironNP _ 66

pE—Hﬂfff" dﬂaﬂfff" X E;;grgr

When the morganic material constituting the nanoparticle
1s typically an oxide or a sulfide, the number of electrons per
gram ol any material constituting the nanoparticle may be
calculated using the following formula:

€ :Nxzefem enr)/M

mcterial

e . .—number of electrons per gram of the material

constituting the nanoparticle

N=Avogadro’s number

7 ... =atomic number of each element constituting the

material

M=Molecular weight of the material constituting the

nanoparticle.

For example:

For water molecules, the number of electrons per gram 1s
e, ... =6.022x10°°x(1+1+8)/18=3.34x10"".

For hainium oxide matenal, the number of electrons per
gram 1S € 100,=0.022x10%°x(72+8+8)/210.49=2.52%
10°°.

For bismuth oxide material, the number of electrons per
gram 1S € 5. =0.022%x107°%(83+83+8+8+8)/
465.96=2.45x10*".

For tantalum oxide material, the number of electrons per
gram 1S € ;,,,:=6.022x107°x(73+73+8+8+8+8+8)/
441.9=2.53x10~.

For certum oxide material, the number of electrons per

gram is € . ,,=6.022x107°x(58+8+8)/(172.12)=2.59x10*".

For example, for a spherical hainium oxide nanoparticle

(H1O,) with a diameter equal to 100 nm, the electron density
of the nanoparticles 1s 7.3 times the electron density of the
corresponding volume of water (1.e. a sphere of diameter
equal to 100 nm filled with water molecules).

0.7x2.52x10%

~ 1.0x3.34x1023

drfo2 X €0

dwa fer X E;ﬂfff‘

Le—HfO?

pE—WHTEF

For example, for a spherical bismuth oxide nanoparticle
(B1,0,) with a diameter equal to 100 nm, the electron
density of the nanoparticles 1s 6.5 times the electron density
of the corresponding volume of water (1.e. a sphere of
diameter equal to 100 nm filled with water molecules).

8.24%2.53% 10
1.0%3.34%10%

Pe—gi203  Apino3 X €gino3

Le—water rvater X € vater

For example, for a spherical tantalum oxide nanoparticle
(Ta,O.) with a diameter equal to 100 nm, the electron
density of the nanoparticles 1s 6.25 times the electron density
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of the corresponding volume of water (1.e. a sphere of
diameter equal to 100 nm filled with water molecules).

1005 X €7 8.9%2.45% 10%
Ta205 X €15205 695

Avwater X € oater - 1.0%x3.34x10%

Pe—Ta205

FPe—water

For example, for a spherical certum oxide nanoparticle
(CeO,) with a diameter equal to 100 nm, the electron density
of the nanoparticles 1s 5.6 times the electron density of the
corresponding volume of water (1.e. a sphere of diameter
equal to 100 nm filled with water molecules).

deeor X €epy  T:2%2.59%10%

Qrarer X €mr 1.0%3.34x 1075

Le—TCeO2

pE—WGTE'I"

Biocompatible Coating

In a preferred embodiment, the nanoparticle used in the
context of the present invention to prepare a composition of
interest can be coated with a biocompatible material selected
from an agent exhibiting stealth property. Indeed, when the
nanoparticles of the present invention are administered to a
subject via the intravenous (IV) route, a biocompatible
coating with a material selected from an agent exhibiting
stealth property 1s particularly advantageous to optimize the
biodistribution of the nanoparticles. Said coating 1s respon-
sible for the so called “stealth property” of the nanoparticle.

Agent exhibiting stealth properties may be an agent
displaying a steric group. Such a group may be selected, for
example, from polyethylene glycol (PEG); polyethylenox-
ide; polyvinylalcohol; polyacrylate; polyacrylamide (poly
(N-1sopropylacrylamide)); polycarbamide; a biopolymer; a
polysaccharide such as dextran, xylan and cellulose; colla-
gen; a zwitterionic compound such as polysulfobetain; etc.

In another preferred embodiment, the nanoparticles can
be coated with a biocompatible material selected from an
agent allowing interaction with a biological target. Such an
agent can typically bring a positive or a negative charge on
the nanoparticle’s surface. This charge can be determined by
zeta potential measurements, typically performed on nan-
oparticle suspensions the concentration of which varies
between 0.2 and 10 g/L, the nanoparticles being suspended
in an aqueous medium with a pH comprised between 6 and
8.

An agent forming a positive charge on the nanoparticle
surface can be for example aminopropyltriethoxisilane or
polylysine. An agent forming a negative charge on the
nanoparticle surface can be for example a phosphate (for
example a polyphosphate, a metaphosphate, a pyrophos-
phate, etc.), a carboxylate (for example citrate or dicarbox-
ylic acid, 1in particular succinic acid) or a sulphate.

A Tull biocompatible coating of the nanoparticle or aggre-
gate may be advantageous, in particular in the intravenous
(IV) context, in order to avoid interaction of the particle
surface with any recognition element (macrophage,
opsomns, etc.). The “full coating” implies the presence of a
very high compactness of biocompatible molecules able to
create at least a complete monolayer on the surface of the
particle.

The biocompatible coating allows 1n particular the nan-
oparticle stability 1n a fluid, such as a physiological flud
(blood, plasma, serum, etc.), any 1sotonic media or physi-
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ological medium, for example media comprising glucose
(5%) and/or NaCl (0.9%), which 1s required for a pharma-
ceutical administration.

Stability may be confirmed by dry extract quantification
using a drying oven and measured on a nanoparticle sus-
pension prior to and after filtration, typically on a 0.22 or
0.45 um filter.

Advantageously, the coating preserves the integrity of the
particle 1n vivo, ensures or improves the biocompatibility
thereol, and facilitates an optional functionalization thereof
(for example with spacer molecules, biocompatible poly-
mers, targeting agents, proteins, etc.).

Targeting

A particular nanoparticle according to the present inven-
tion can further comprise a targeting agent allowing its
interaction with a recognition element present on the target
cell. Such a targeting agent typically acts once the nanopar-
ticles are accumulated on the target site. The targeting agent
can be any biological or chemical structure displaying
allinity for molecules present 1n the human or animal body.
For instance it can be a peptide, an oligopeptide or poly-
peptide, a protemn, a nucleic acid (DNA, RNA, SiRNA,
tRNA, miRNA, etc.), a hormone, a vitamin, an enzyme, the
ligand of a molecule expressed by a pathological cell, 1n
particular the ligand of a tumor antigen, hormone receptor,
cytokine receptor or growth factor receptor. Said targeting
agents can be selected for example from the group consist-
ing of LHRH, EGF, a folate, anti-B-FN antibody, E-selectin/
P-selectin, anti-IL-2Ra antibody, GHRH, etc.
Composition

Another particular object herein described relates to a
pharmaceutical composition comprising nanoparticles such
as defined heremabove, preferably together with a pharma-
ceutically acceptable carrier or vehicle.

A typical object of the invention 1s a composition mnduc-
ing in a mammal subject having a tumor, preferably in a
human subject having a tumor, (1) the destruction of more
than 30% of cancer cells in a tumor volume or (11) at least
more than 20% of tumor size reduction when the volume
(Vc¢) of said composition occupies between 2 and 50% of the
tumor volume (Vt) and when the tumor 1s exposed to
ionizing radiations, wherein the composition comprises
inorganic nanoparticles having a volume (Vin) having an
clectron density at least 5 times the electron density of the
corresponding volume 1 (Vwl) of water.

In a typical embodiment, the volume of the mammal’s
tumor is between 3 cm” (3 cc¢) and 5000 cm” (5000 cc).

The composition can be 1 the form of a solid, liquid
(particles 1n suspension), aerosol, gel, paste, and the like.
Preferred compositions are 1n a liquid or a gel form. Par-
ticularly preferred compositions are in liquid form.

The carrier which 1s employed can be any classical
support for the skilled person, such as a saline, 1sotonic,
sterile, bullered solution, a non-aqueous vehicle solution and
the like.

The composition can also comprise stabilizers, sweeten-
ers, surfactants, polymers and the like.

It can be formulated for example as ampoule, aerosol,
bottle, tablet, capsule, by using techniques of pharmaceuti-
cal formulation known by the skilled person.

Generally, the composition, 1 liquid or gel form, com-
prises between about 0.05 g/IL and about 450 g/I. of nan-
oparticles, between about 0.05 g/ and about 150 g/I. of
nanoparticles, preferably at least about 10 g/L, 20 g/L, 40
o/lL,45 g/L, 50 g/L, 55 g/L, 60 /L., 80 g/L, 100 g/L., 150 g/L,
200 ¢/L, 250 g/L., 300 g/L, 350 g/L. or 400 g/L. of nanopar-
ticles.




US 11,020,480 B2

9

The concentration of nanoparticles in the composition can
be measured by dry extract. A dry extract 1s 1deally measured
following a drying step of the suspension comprising the
nanoparticles 1n a drying oven.

Admuinistration Route

The nanoparticles of the invention can be administered to
the subject using different possible routes such as local
(intra-tumoral (IT), intra-arterial (IA)), subcutaneous, intra
venous (IV), intra-dermic, airways (1nhalation), intra peri-
toneal, 1ntra muscular, intra-articular, intra-thecal, intra-
ocular or oral route (per os), preferably using IT, IV or IA.

Repeated injections or administrations ol nanoparticles
can be performed, when appropriate.

Solid Tumor

The invention can be used to treat any type ol malignant
solid tumors, in particular of epithelial, neuroectodermal or
mesenchymal origin, as well as lymphatic cancers. The
nanoparticles can also be used for advanced stage tumors
which cannot be surgically removed.

The nanoparticles herein described are 1n particular
intended to be used to treat cancer where radiotherapy 1s a
classical treatment or 1s the most appropriate treatment for a
particular subject, or where radiotherapy could be indicated.
Such cancer may be selected in particular from the group
consisting of skin cancer, including malignant neoplasms
associated with AIDS, melanoma; squamous cancer; central
nervous system tumors including brain, cerebellum, pitu-
itary, spinal cord, brain stem, eye and orbit; head and neck
tumors; lung cancers; breast cancers; gastrointestinal tumors
such as liver and hepatobiliary tract cancers, colon, rectum
and anal cancers, stomach, pancreas, oesophagus cancer;
male genitourinary tumors such as prostate, testis, penis and
urethra cancers; gynecologic tumors such as uterine cervix,
endometrium, ovary, fallopian tube, vagina and vulvar can-
cers; adrenal and retroperitoneal tumors; sarcomas of bone
and soft tissue, regardless of the localization; and pediatric
tumors such as Wilm’s tumor, neuroblastoma, central ner-
vous system tumors, Ewing’s sarcoma, etc.

Tumor Volume (Vt) Evaluation Belfore Treatment

Tumor volume 1maging includes radiography, computed
tomography (CT), magnetic resonance imaging (MRI),
ultrasound (US), single photon emission tomography
(SPECT), and positron emission tomography (PET) as
known by the skilled person. All those techniques are used
to evaluate the tumor volume. CT and MRI are the most
commonly used procedures for treatment planning.

MRI uses radio frequency power in the presence of a
strong magnetic field to perturb protons, either in water or 1n
tatty acid chains, and to allow them producing a radio
frequency signal 1n return. This signal can be registered with
the use of receiver coils. Gradients can be applied during the
application of the radio frequency pulse or during the
reception of this signal to spatially encode it and create a
map of the signal 1n the body. Tissue characteristics such as
T1, T2, magnetic susceptibility, and resonant frequencies
produced by fat, water, and other compounds can be
detected 1n the image.

Computed tomography (CT) mmaging i1s based on the
variable absorption of X-rays by different tissues, and pro-
vides a cross-sectional 1maging. The origin of the word
“tomography” 1s from the Greek words “tomos” meaning
“slice” or “section” and “graphe” meaning “drawing”. A CT
imaging system produces cross-sectional images of the
bones and soft tissues inside the body. CT 1mages can be
combined to create 3D 1mages.
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Evaluation of the Volume of Composition (Vc¢) within the
Tumor Volume

The nanoparticles of the present invention are composed
of high electron density matenial. They are intrinsically
radio-opaque (i.e. they absorb X-rays) and can be easily
visualized when using typically radiography and computed
tomography.

The volume of composition (Vc¢) within the tumor volume
(V1) can be calculated using the computed tomography (CT)
imaging technique. The nanoparticles used to prepare the
composition will create a marked contrast in the C'T 1images
due to the difference of electron density between the tumor
tissue and the nanoparticles.

The Hounsfield number 1s a normalized value of the
calculated X-ray absorption coeflicient of a pixel (picture
clement) 1n a computed tomogram, expressed in Hounsfield
unmits (HU), where the CT number of air 1s —1000 (HU=-
1000) and that of water 1s zero (HU=0). For inorganic
nanoparticles with high electron density, separation between
tissues and nanoparticles occurs typically around HU values
of 120 or 150. Above HU values of typically 120 or 150 up
to 200, no more soft tissues densities can be found.

Thus the volume of composition (Vc¢)—the volume occu-
pied by the nanoparticles (HU typically above 120 or
150)—can be calculated.

FIG. 2 shows typical CT images of a tumor with presence
of high density nanoparticles (composed of hatnium oxide
maternal). In this figure, an aqueous suspension ol nanopar-
ticles (composed of hatnium oxide material) was mjected
directly into the tumor (intra-tumoral administration). No
leak of nanoparticles from the tumor mass (<10%) following
injection thereof as well as persistence of said nanoparticles
within the tumor structure have both been demonstrated (L.

Maggiorella et al. Nanoscale radiotherapy with hainium
oxide nanoparticles. Future Oncology, 2012, 8(9); 1167-
1181).

Typically, the volume of composition (Vc) occupies
between 2% and 55% of the tumor volume. More preferably,
the volume of composition occupies between 2% and 50%,
2% and 45%, 2% and 40%, 2% and 35%, 2% and 30%, 2%
and 25%, and even more preferably between 2%, 2.5, 3 or
5% and 20%, 15% or 10% of the tumor volume.
Calculation of the Electron Density 1n the Volume Occupied
by the Nanoparticles, 1.e. the Volume of Composition (Vc¢)
within the Tumor Volume

The electron density of the volume of composition (V) 1s
calculated using a calibration curve established using a CT
scanner.

In a first step, the volume of composition (Vc)—the
volume occupied by the nanoparticles (HU above typically
120 or 150 or 200)—is calculated.

In a second step, within the calculated volume (Vc¢), an
histogram corresponding to the distribution of HU values
above typically 120 or 150 or 200, 1s established. The
histogram represents the occurrences ol voxels related to
specific HU values above a specific threshold, typically 120
HU or 150 HU or 200 HU. The mean HU value for the
distribution of nanoparticles 1s obtained using the following
equation:

Mean HU=2(HUxoccurrence)/X occurrences.

A calibration curve 1s used where the Hounsfield number
(HU) 1s plotted against an increased concentration of the
nanoparticles either in a suspension or i a gel. A typical
example of calibration curve 1s presented for gold nanopar-
ticles with size ranging from 15 nm up to 105 nm (GNPs) in

FIG. 3.
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From the calibration curve, a mean concentration of
nanoparticles 1s calculated (X 1n g/L). In a third step, the
volume of nanoparticles (V,»-=2Vin) within Vc 1s calculated
as follows:

VNP (CIHB) :X

mean” Ve (Gm:})/dmﬂfﬂ‘“fﬂf (g/GmS)/looo
(cm?)

The following equation i1s then used to calculate the
clectron density (number of electrons per volume) of the
volume of composition:

pE‘-C: [( Ve- VNP) pe—eau_l_ VNPX pE‘—mHIE'?"I'Hf ]/ Ve

Where,

0..~¢clectron density of the volume of composition
(number of electrons per cm”);
=¢lectron density of water;

o . ~electron density of the material constituting the
nanoparticles.

Due to the absence of nanoparticle leakage from the
tumor mass following local injection of nanoparticle sus-
pension, the volume of composition corresponds to the
volume of the nanoparticle suspension which has been
injected into the tumor, and the mean concentration of
nanoparticles in the volume of composition corresponds to
the concentration of the nanoparticle suspension which has
been imjected 1nto the tumor.

Calculation of the Quantity of Flectrons Provided by the
Nanoparticles to the Tumor Volume

The quantity of electrons provided by the nanoparticles 1s

calculated using the following equation:

pE—EcﬁIH

Quantity of electrons=V,, (cm3)xp__.. .. . ;

Radiotherapy Sources

The nanoparticles of the mnvention can be used in many
fields, particularly 1n human or veterinary medicine. Nan-
oparticles and compositions according to the mmvention, as
herein described, are preferably for use 1n an animal, pretf-
erably 1n a mammal (for example 1n the context of veterinary
medicine), even more preferably in a human being, as a
therapeutic agent, 1n particular 1n oncology, preferably when
the nanoparticle 1s exposed to 10ni1zing radiations. Ionizing,
radiations 1includes typically X-Rays, gamma-Rays, UV-
Rays, electron beams as well as particle beams of, for
example, neutrons, carbon 1ons and protons.

In a particular embodiment, the present invention relates
to a method of mnducing 1n a subject suflering from a cancer
(1) the destruction of more than about 30%, for example
more than about 35%, 40%, 44% or 45%, preferably more
than about 47%, for example more than about 50%, 55%,
60%, 65% and 68%, even more preferably more than about
70% of cancer cells 1n a tumor volume, or (11) at least 15%,
20%, preferably more than 20% of tumor size reduction,
comprising;

administering to a subject a composition having a volume

(Vc) occupying between 2 and 50% of the tumor
volume (Vt), said composition comprising inorganic
nanoparticles, each inorganic nanoparticle having a
volume (Vin) having an electron density at least 5 times
the electron density of the corresponding volume 1
(Vwl) of water; and

exposing the tumor of the subject to 1on1zing radiations.

In a preferred embodiment, the volume composition (Vc¢)
has an electron density of at least 3% of the electron density
of the corresponding volume 2 (Vw2) of water. Even more
preferably, the inorganic nanoparticles provide at least,
preferably more than 3x10** electrons, for example more
than about 3.2x10%* electrons, preferably more than 7x10°,
clectrons to the tumor mass.
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Under the efiect of i1omizing radiations, in particular
X-Rays, gamma-rays, radioactive 1sotopes and/or electron
beams, the nanoparticles are activated, or in other terms
excited, and produce electrons and/or high energy photons.
Those electrons and/or high energy photons emitted after
ionization will be involved 1n the direct and/or indirect cell
damage, possibly via free radicals generation, and ultimately
for cells destruction, resulting in a better outcome for the
patient. Surprisingly, inventors discovered that the high
clectron density of each nanoparticle together with the
quantity of electrons provided by the nanoparticles to the
tumor mass, are responsible for a markedly increased efli-
ciency of the radiotherapy.

The particles can be excited within a large range of total
dose of radiations.

Amounts and schedules (planning and delivery of irra-
diations whichever fraction dose, fraction delivery schema,
total dose alone or in combination with other anticancer
agents, etc.) are defined for any disease/anatomical site/
disease stage/patient/setting/patient age (children, adult,
clderly patient), and constitute the standard of care for any
specific situation.

The 1rradiation can be applied at any time after adminis-
tration of the nanoparticles, on one or more occasions, by
using any currently available system of radiotherapy or
radiography.

As indicated previously, appropriate radiations or sources
of excitation are preferably i1onizing radiations and can
advantageously be selected from the group consisting of
X-Rays, gamma-Rays, electron beams, 10n beams and radio-
active 1sotopes or radioisotopes emissions. X-Rays 1s a
particularly preferred source of excitation.

Iomzing radiations are typically of about 2 KeV to about
25 000 KeV, 1n particular of about 2 KeV to about 6000 KeV

(1.e. 6 MeV) (LINAC source), or of about 2 KeV to about
1500 KeV (such as a cobalt 60 source).

In general and 1n a non-restrictive manner, the following
X-Rays can be applied in different cases to excite the
particles:

Superficial X-Rays of 2 to 50 keV: to excite nanoparticles

near the surface (penetration of a few millimeters);

X-Rays of 50 to 150 keV: in diagnostic but also 1n

therapy;

X-Rays (ortho voltage) of 200 to 500 keV which can

penetrate a tissue thickness of 6 cm;

X-Rays (mega voltage) of 1000 keV to 25,000 keV.

Radioactive isotopes can alternatively be used as an
ionizing radiation source (named as curietherapy or
brachytherapy). In particular, Iodine I'*° (t42=60.1 days),
Palladium Pd'®® (t¥5=17 days), Cesium Cs'>’, Strontium
*?Sr (t12=50.5 days), Samarium '°>°Sm (t2=46.3 hours), and
Iridium Ir'”?, can advantageously be used.

Charged particles such as proton beams, 1ons beams such
as carbon, in particular high-energy ion beams, can also be
used as an 1onizing radiation source and/or neutron beams.

Electron beams may also be used as an 1onizing radiation
source with energy comprised between 4 MeV and 25 MeV.

Specific monochromatic irradiation sources could be used
for selectively generating X-rays radiation at energy close to
or corresponding to the desired X-ray absorption edge of the

atoms constituting the metallic material.

Preferentially sources of 1onizing radiations may be
selected from Linear Accelerator (LINAC), Cobalt 60 and
brachytherapy sources.
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Assessment of Objective Tumor Response
Tumor Size Evaluation (Anatomical Response Criteria)

Assessment of the change in tumor burden 1s an important
teature of the clinical evaluation of cancer therapeutics: both
tumor shrinkage (objective response) and disease progres-
sion are uselul endpoints 1 clinical trials.

The use of tumor regression (tumor size reduction) as a
meaningiul endpoint for screening new agents for evidence
of anti-tumor effect 1s supported by years of evidence
suggesting that, for many solid tumors, agents which pro-
duce tumor shrinkage in a proportion of patients have a
reasonable chance (albeit imperfect) of subsequently dem-
onstrating an improvement in overall survival or quality of
life, both gold standards for measuring clinical benefit.

In 1981, the World Health Organization (WHO) first
published tumor response criteria. New criteria, known as
RECIST (Response Evaluation Criteria in Solid Tumors),
were published 1n 2000 and 2009. In the above mentioned
tumor response criteria, 1maging technmiques such as CT,
MRI, or other technologies are used for the evaluation of the
tumor size.

Percentage (%) of Cancer Cell Killing Evaluation

Histological examination 1s used to detect residual cancer
cells typically after preoperative therapy. Currently, the
pathological response evaluation of the primary lesion can
be performed using definitions employed 1n clinical trials
such as, but not exhaustively, the Japanese pathological
response criteria, the Abersen classification, the GEPARDO
classification, and the NSABP B18 classification.
Molecular Imaging (Metabolic Response Criteria)

Among several pursued molecular 1maging approaches
for treatment monitoring, such as dynamic contrast-en-
hanced MRI, diffusion-weighted MRI, MR spectroscopy,
optical imaging and contrast-enhanced ultrasound, PE'T with
the glucose analog '"*F-FGD ((18)fluorodeoxyglucose posi-
tron emission tomography) 1s clinically the most used.

Lesser or no decline in **F-FGD uptake by the tumor was
seen as a sign of the absence of tumor response. Those
tumors with a continuing decline in '°F-FGD uptake over
time were the most likely to have complete pathological
responses by histology at the end of therapy. Tumor °F-
FGD uptake also declined more rapidly than did tumor size
with eflective treatment.

Two basic approaches can be considered for assessing the
metabolic changes of treatment: qualitative and quantitative.
For quantitative analysis, the SUV (Standardized Uptake
Value) 1s the widely used metric for assessing tissue accu-
mulation of tracers. SUV can be normalized to body mass,
lean body mass (SUL) or body surface area. Typically, the
percentage decline 1n tumor SUV may be used as a method
ol quantification for assessing objective tumor response to
therapy. However, absolute SUV determinations may also be
used.

Molecular Markers for Monitoring Tumor Response to
Treatment

The measure of markers specifically secreted by cancer
cells 1nto the blood may be used to monitor tumor response
to therapy. In some malignant tumors, including prostate,
ovarian, and thyroid cancers, tumor markers (prostate-spe-
cific antigen, CA123, and thyroglobulin) are used to monitor
tumor response to treatment.

Classical cancer management systematically implies the
concurrence of multimodality treatments (combination of
radiotherapy and chemotherapy for example).

The herein described nanoparticles submitted to radia-
tions, 1 particular 1n the context of radiotherapy, can be used
in association with every diflerent cancer therapy protocol.
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Such a protocol can be selected from the group consisting of
surgery, radiosurgery, chemotherapy, a treatment comprising
administration of cytostatic(s), cytotoxic(s), a targeted
therapy, an immunotherapy, radionuclides, in particular
immunoradionuclides, and any other biological or inorganic
product intended to treat cancer.

Other aspects and advantages of the invention will
become apparent in the following examples, which are given
for purposes of 1llustration and not by way of limitation.

BRIEF DESCRIPTION OF THE FIGURES

The patent or application file contains at least one drawing
executed 1n color. Copies of this patent or patent application
publication, with color drawing(s), will be provided by the
Oflice upon request and payment of the necessary fee.

FIG. 1 shows that, once administered, the volume (Vc¢) of
the composition of the ivention occupies between 2 and
50% of the tumor volume (Vt). Each morganic nanoparticle
of the composition has a volume (Vin) having an electron
density at least 5 times the electron density of the corre-
sponding volume 1 (Vwl) of water. These morganic nan-
oparticles provide at least, preferably more than 3x10*°
electrons, for example more than about 3.2x10°* electrons,
preferably more than 7x10°* electrons, to the tumor mass.
The volume composition (Vc) (further) has an electron
density of at least 3% of the electron density of the corre-
sponding volume 2 (Vw2) of water.

FIG. 2 shows the distribution and dispersion over time of
a biocompatible suspension of HIO, nanoparticles aiter intra
tumoral 1mjection nto Swiss nude mice bearing HCT116
tumor. Computed Tomography has been performed on
tumor, 2 and 15 days following injection.

FIG. 3 shows the X-ray attenuation as a function of gold
concentration for gold nanoparticles with sizes equal to 15
nm (GOLD-15), 30 nm (GOLD-30), 60 nm (GOLD-60), 80
nm (GOLD-80) and 105 nm (GOLD-105).

HU value as a function of [Au] (g/L) of GOLD-15:

diamond dots.

HU value as a function of [Au] (g/L) of GOLD-30: square
dots.

HU wvalue as a function of [Au] (g/L) of GOLD-60:
triangle dots.

HU value as a function of [Au] (g/L) of GOLD-80: cross
dofts.

HU value as a function of [Au] (g/L) of GOLD-103: +
dots.

FIG. 4 shows the % of cell killing (postoperative patho-
logical examination) after the treatment at the time of
surgery. More than 70% of cell killing was observed for
patients having received the high electron density nanopar-
ticle suspension, intra-tumorally injected within the tumor
mass such that the quantity of electrons provided by the
nanoparticles to the tumor mass is more than 7x10°>.

FIGS. 5A-5B show the distribution and dispersion over
time (during all sessions of radiotherapy: 2*25 Gy) of a
biocompatible suspension of HI1O, nanoparticles after intra
tumoral 1njection into a human subject bearing a soft tissue
sarcoma of the extremity. Computed Tomography has been
performed on tumor, 1 day (before the first session of
radiotherapy; FIG. 5A) and 65 days (after all sessions of
radiotherapy, before surgery) following injection (FI1G. 5B).
The tumor size reduction (tumor volume evolution) 1s of
53%.

EXAMPL

(Ll

A composition comprising hafmum oxide nanoparticles
with a concentration equal to 53 g/L 1s intra-tumorally
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injected 1n patients with advanced soft tissue sarcomas of the
limbs. The imjection volume corresponds to 2.5% of the
tumor volume at baseline. Patients received 350 Gy of
radiation therapy during 5 weeks and then underwent tumor

resection.

The following table recapitulates

The tumor volume at baseline (cm®);

The composition volume which 1s the volume of nanopar-
ticle (composed of hatnium oxide material) suspension
which has been intra-tumorally injected and corre-
sponds to 2.5% of the tumor volume at baseline (cm®);

the nanoparticle concentration, equal to 33 g/L;

the electron density of each nanoparticle (with volume
Vin) with respect to the electron density of same
nanoparticle (with volume Vwl) composed of water
molecules:

Pe-bppz  dHfo2 Xeppo;  9.6x2.52x10% S
LPe—water - water X €ryater C1.0x334x108 77

the electron density of the volume composition (Vc¢) with
respect to the electron density of the same volume
(Vw2) composed of water molecules:

Ve—V _ V _
(Ve — Vo) Pe—eau + VHiO2 X Pe—nf02 _ 1.034:
VL’? XpE—EﬂH

the quantity of electrons given by the nanoparticles to the
tumor mass:

Quantity of electrons=Vygn (cm3)xp, g (e—/cm™);
and

% of nanoparticles within the tumor, expressed as weight
ol nanoparticles by weight of tumor (e.g. 0.13% refers
to 0.13 g of nanoparticles per 100 g of tumor).

Vt: Tumor volume (cm3) 55.0

Vc: Composition volume (2.5% of the tumor 1.4

volume) (cm3)

Xmean: Mean concentration (g/L) 53.0

Electron density of each nanoparticle with P e /P € i 7.3

respect to the electron density of same

nanoparticle composed of water

molecules: e-density (Vin)/e-density (Vwl)

Electron density of the volume composition pPe.J/pe o 1.03442

(Vc¢) with respect to electron density of the 3.4%

same volume composed of water molecules:

e-density (Vc)/e-density (Vw2)

quantity of e-given by the nanoparticles to the 1.87E+22

tumor mass

% of nanoparticles within the tumor expressed 0.13%

in welght of nanoparticles by weight of tumor

% of cancer cell killing 44
FIG. 4 shows the % of cell killing (postoperative patho-

logical examination) after the treatment at the time of

surgery. More than 70% of cell killing was observed for

patient having received the high electron density nanopar-

ticle suspension, intra-tumorally mjected within the tumor

mass such that the quantity of electrons provided by the

nanoparticles to the tumor mass is of at least 7x10>~.

Interestingly, the percentage (%) of nanoparticles within

the tumor expressed as weight of nanoparticles by weight of
tumor 1s equal to 0.13% (0.13% refers to 0.13 g of nanopar-

ticles per 100 g of tumor). This value corresponds to 0.11%
of hatnium element within the tumor (i.e. 0.11 g of Hatnium
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53.0
7.3

1.03442

1.87E+22

47
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clement per 100 g of tumor). This % of nanoparticles by
weight does not enhance markedly the tumor response to
radiotherapy unless the quantity of electrons provided by the
nanoparticles to the tumor mass is more than 3x107°,
preferably more than 7x10°°.

Results presented here demonstrate that only a composi-
tion comprising high electron density inorganic nanopar-
ticles (1.e. each nanoparticle has an electron density at least
5 times the electron density of the same nanoparticle com-
posed of water molecules) occupying between 2 and 50% of
the tumor volume are able to induce more than 44% or 47%,
preferably more than 70% of cancer cell killing when the
inorganic nanoparticles provide more than 3x10°°, prefer-
ably more than 7x10%* electrons to the tumor mass.

We claim:

1. A method for inducing 1n a human subject suflering
from a cancer (1) destruction of more than 70% of cancer
cells 1n a tumor volume or (1) reduction of more than 20%
of tumor size, comprising admimstering to the human sub-
ject sullering from the cancer and having a tumor with a
volume less than 212 cm’ a composition comprising a
suspension of inorganic nanoparticles, the 1norganic nan-
oparticles having a volume that 1s between 2.5% and 50% of
the tumor volume, and exposing the tumor of the subject to
ionizing radiation, thereby inducing 1n the human subject
having the tumor (1) the destruction of more than 70% of
cancer cells 1n the tumor or (11) the reduction of more than
a 20% of tumor size, when the tumor 1s exposed to 10nzing
radiation and the 1norganic nanoparticles provide more than
7x10** electrons to the tumor, wherein the method com-
prises a step of calculating the quantity of electrons provided
by the norganic nanoparticles to the tumor using the fol-
lowing formula:

Quantity of electrons=V,» (cm)xp.~, .. .

Wlth pe_marer'.iafzdmareﬂafxe_mareriaf and VNP (Cm3):X
Ve (em)/d . (g/em?)/ 1000 (cm”), wherein d

marerial 15

the theoretical (bulk) density of material constituting the

mEﬂHX

476.0
11.9

1814.4
45.0

95.9
24

158.0
4.0

212.0
5.3

53.0
7.3

53.0
7.3

53.0
7.3

53.0
7.3

53.0
7.3

1.03442
3.4%

1.03442
3.4%

1.03442
3.4%

1.03442
3.4%

1.03442

3.4% 3.4%

3.20B422  5.27E+22  7.07E422 1.59B4+23  6.00E+23

0.13% 0.13% 0.13% 0.13% 0.13% 0.13%

10 35 93 72 93

inorganic nanoparticles, e, . . .1s the number of electrons
per gram ol the material constituting the 1norganic nanopar-
ticles, V¢ represents volume composition and corresponds to
the volume of the morganic nanoparticle suspension which
1s admimistered to the subject, and X corresponds to the
concentration ol the inorganic nanoparticle suspension
which 1s 1njected into the tumor.

2. The method according to claim 1, wherein said 1onizing,
radiation 1s selected from X-rays, ion beams, electron
beams, gamma-rays, or a radioactive 1sotope.
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3. The method according to claim 1, wherein said com-
position has a volume that 1s between 2% and 10% of the
tumor volume.

4. The method according to claim 1, wherein said com-
position has a volume that 1s 2.5% of the tumor volume.

5. The method according to claim 1, wherein said com-
position 1s administered intra-tumorally.

6. The method according to claim 1, wherein the volume
of the composition (Vc¢) comprising morganic nanoparticles
has an electron density of at least 3% of the electron density
of a corresponding volume 2 (Vw2) of water.

7. The method according to claim 1, wherein the inorganic
nanoparticles comprise an inorganic material that has a
theoretical (bulk) density of at least 7 and an effective atomic
number (Z,z) of at least 25.

8. The method according to claim 7, wherein the 1norganic
material 1s selected from an oxide, a metal, a sulfide or a
mixture thereof.

9. The method according to claim 1, wherein the largest
dimension of a nanoparticle 1s between about 5 nm and
about 250 nm.

10. The method according to claim 1, wherein the com-
position 1s a pharmaceutical composition in a liquid or gel
form.

11. The method according to claim 1, wherein the tumor
1s a malignant solid tumor or lymphatic cancer.

12. The method according to claim 1, said method com-
prising determining the volume of the composition compris-
ing inorganic nanoparticles within the tumor volume by
radiography or computed tomography.

13. The method according to claim 1, said method com-
prising determining the electron density of the volume of the
composition comprising the inorganic nanoparticles (Vc)
and admimstering to the human subject a volume of the
inorganic nanoparticles that occupies between 2.5% and
50% of the tumor volume.

14. A method for inducing 1n a human subject suflering
from a cancer (1) destruction of more than 70% of cancer
cells 1n a tumor volume or (1) reduction of more than 20%
of tumor size, comprising administering a composition
comprising a suspension ol 1norganic nanoparticles to the
human subject suflering from the cancer and having a tumor,
the 1norganic nanoparticles having a volume that 1s between
2.5% and 50% of the tumor volume, and exposing the tumor
of the subject to 1onizing radiation, thereby inducing 1n the
human subject having the tumor (1) the destruction of more
than 70% of cancer cells 1n the tumor or (11) the reduction of
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more than a 20% of tumor size, when the tumor 1s exposed
to 1omizing radiation and the inorganic nanoparticles provide
more than 7x10°* electrons to the tumor, wherein the method

comprises a step ol calculating the quantity of electrons
provided by the inorganic nanoparticles to the tumor using
the following formula:

Quantity of electrons=Vup (€mM>)XP., 0 serias
Wlth pe—marermz:d

maz‘eﬁafxe_maﬁeﬂaf Ellld VNP (Cm3)zxmeaﬂx
Ve (ecH/d, . (g/cm”)/ 1000 (cm”), wherein d

micaterial 15

the theoretical (bulk) density of matenal constituting the
inorganic nanoparticles, e” . .1s the number of electrons
per gram ol the material constituting the 1norganic nanopar-
ticles, V¢ represents volume composition and corresponds to
the volume of the morganic nanoparticle suspension which
1s administered to the subject, and X corresponds to the
concentration of the 1inorganic nanoparticle suspension
which 1s 1njected into the tumor.

15. The method according to claim 14, wherein said
composition 1s administered intra-tumorally.

16. The method according to claim 14, wherein the
inorganic nanoparticles comprise an mnorganic material that
has a theoretical (bulk) density of at least 7 and an effective
atomic number (Z_;) of at least 25.

17. The method according to claim 16, wherein the
inorganic material 1s selected from an oxide, a metal, a
sulfide or a mixture thereof.

18. The method according to claim 14, wherein said
ionizing radiation 1s selected from X-rays, 1on beams, elec-
tron beams, gamma-rays, or a radioactive 1sotope.

19. The method according to claim 14, wherein the
composition 1s a pharmaceutical composition 1n a liquid or
gel form.

20. The method according to claim 14, wherein the tumor
1s a malignant solid tumor or lymphatic cancer.

21. The method according to claim 14, said method
comprising determining the volume of the composition
comprising morganic nanoparticles within the tumor volume
by radiography or computed tomography.

22. The method according to claim 14, said method
comprising determining the electron density of the volume
of the composition comprising the 1norganic nanoparticles
(Vc¢) and administering to the human subject a volume of the
inorganic nanoparticles that occupies between 2.5% and
50% of the tumor volume.

% o *H % x
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